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) cross sections are
measured. The data are in good agreement with predictions based on the Standard
Model, and are used to set upper limits on anomalous photon production. Searches
for supersymmetric particles in channels with one or more photons and missing en-
ergy have been performed. Cross-section upper limits are derived for two dierent
Supersymmetry models. A lower limit of 71 GeV/c
2
at 95% C.L. is set on the mass
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1Chapter 1
Introduction
Two questions have ravaged the curiosity of man since the time of Aristotle. How
did we get here? What are we made of?
This thesis will take a few steps forward in the quest to answer these questions at
the most fundamental level.
From the point of view of this thesis the question `How did we get here?' is the
question `How was the universe formed?'. In order to answer this question to the
satisfaction of an experimentalist one must recreate the conditions of the very early
universe. A hypothesis of how the universe formed is made and then this hypothesis
is tested in the laboratory. The experiment either veries or excludes the hypothesis.
Physicists believe the Universe began from a dimensionless point with a tremendous
amount of energy and has been expanding at the speed of light ever since (the `Big
Bang Theory' [1, 2]). Answering this grand question will cover thousands, possibly
millions, of theses, moreover, recreating the energy present in the very rst stages
2of the universe may never be possible. However particle accelerators like the LEP
accelerator at CERN can create conditions on Earth that have not been seen since
well before the rst second of the Universe. Studying the data from experiments like
ALEPH located in the LEP accelerator can shed light on the very early Universe
and on how matter interacts at the particle level. In the study of nal states from
electron-positron interactions, where photons are the only observed particles, a small
contribution is made to the vast pool of knowledge that we hope will someday fully
explain how matter interacts at the most fundamental level.
`What are we made of?' is the question `What are the fundamental building blocks
of matter?'. In order to `see' smaller and smaller objects physicists must go to higher
and higher energies. This is obvious through the de Broglie equation  = h=p  h=E.
The smallest object one can see is roughly equal to Planck's constant divided by the
energy. The LEP accelerator (with a center-of-mass energy close to 200 GeV) is an
ideal place to search for possible substructure contained in currently predicted `point'
particles like the electron.
This thesis describes the study of events from electron-positron collisions where
photons are the only particles detected (photon only nal states). Through the study
of photon only nal states at center-of-mass energies 161 and 172 GeV, using the
ALEPH experiment at LEP, progress is made in man's quest to understand nature,
specically the two questions presented above.
Utilizing the data obtained from the ALEPH experiment, one can test theoretical
models which describe the fundamental laws governing particle interaction. A nal
3theory describing particle interactions must explain why our universe is composed of
matter [3] (as opposed to anti-matter) and how particles obtained mass [4], among
many other existing questions. This is because the very early universe (before it
cooled enough for atoms to form) was composed solely of particles, many of which
we hope are waiting to be discovered. For this reason, a theory describing particle
interaction up to a very high energy (for example the Planck Scale at approximately
10
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GeV [5, 6]) is desirable not only for understanding the universe around us but also
for understanding the origin of our universe. A discovery of new particles supporting
current ideas on Supersymmetry, for example, would be an incredible breakthrough
and possibly lead to a much deeper understanding of how the universe was formed.
Even more intriguing, would be the discovery of the unexpected (events with 10
photons and no charged tracks for example) which would spur new ideas and give
greater insight to our universe.
The outline of this chapter is as follows: in Section 1 the current and very successful
theory of particle interactions (the Standard Model) is very briey discussed and a
couple of its shortcomings pointed out, in Section 2 two possible extensions to the
Standard Model are presented, and in Section 3 concluding remarks and an outline
of the remainder of the thesis are given.
41.1 The Standard Model
The Standard Model [7] is possibly the greatest accomplishment of physics in the
20th century. The Standard Model describes the fundamental interactions of nature
to an amazing accuracy. The Standard Model predicted the anomalous magnetic
moment of the electron correctly to six decimal places. TheW

and Z boson particles
were predicted by the Standard Model and subsequently found.
Of particular interest to this thesis, the Standard Model successfully predicts the
cross section for electron-positron collisions which produce events where photons and
nothing else is detected. Even more amazing the Standard Model predicts with what
energies and at what angles these photons will be produced. For example, at LEP
a bunch of electrons are revved up close to the speed of light and are collided into
a bunch of positrons (the anti-particle of the electron) also going close to the speed
of light. The electron and positron bunches are collided together many times. The
Standard Model predicts (on a percentage basis) how often two photons with a certain
energy and angle will be produced from these collisions. The Standard Model is truly
an exceptional accomplishment.




collisions can be divided into two classes: events
produced through the Electro-Weak interaction and events produced through the
Quantum Electrodynamics interaction.





Photonic events from the Electro-Weak interaction of neutrino production accom-
panied by a bremsstrahlung photon(s) (here after referred to as `EW events') are
the photon events produced through the Feynman diagrams in Figure 1.1. The EW
events are simply neutrino, anti-neutrino production with a bremsstrahlung photon.
The EW events necessarily have missing energy carried o by the undetected neutri-
nos (neutrinos interact weakly with matter and therefore cannot be detected except
with specially designed experiments). The s-channel Z diagrams easily dominate over
the W

exchange diagrams for photon energy above 5 GeV.










production rate at the never before studied high energies of LEP2 is through the
study of events with a bremsstrahlung photon(s) and nothing else detected (with
appropriate selection criteria and if no new physics manifests itself, the `nothing else
detected' are the neutrinos). This method of studying neutrinos was rst proposed
by Ma and Okada in 1978 [8], and called the `neutrino counting experiment'. In
addition, the accurate measurement of the neutrino cross section is a nice existence
proof that one can `see' invisible matter (i.e. weakly interacting matter) through a
bremsstrahlung photon. Thus, the neutrino cross-section measurement validates the
method of searching for invisible matter using a bremsstrahlung photon.
The missing mass for EW events is expected to peak at the Z mass due to the Z
6Figure 1.1: The Feynman diagrams for the EW process.












s is the center-of-mass energy and E

is the photon energy in the lab frame.
Note that studying the missing mass distribution of one-photon events is equivalent
to studying the photon energy distribution. The missing mass distribution is also
expected to peak at high masses due to the favorable cross section for low-energy
bremsstrahlung photons.





Photonic events from the Quantum Electrodynamics process (QED events) are
electron-positron annihilation into two photons. The lowest order Feynman diagrams
for these events are shown in Figure 1.2. The electron and positron annihilate via
Figure 1.2: The Feynman diagrams for the QED process.
t-channel electron exchange producing a photon pair. In the absence of initial state
radiation, energy and momentum conservation dictates that the photons share equally





!  produces two back-to-back photons with the beam energy.




















where  is the ne structure constant,
p
s is the center-of-mass energy, and the
assumption that the electron mass is much less than the beam energy has been made.





!  events are the only pure QED reaction at LEP; that is the Electro-
weak corrections to the cross section calculation are negligible. Because LEP is ex-
ploring energies never before studied by man it is very important to study these QED
events in order to verify if the production rate and angular distribution agree with
the Standard Model predictions for QED. Although Quantum Electodynamics is a
well-tested theory, one never knows what is lurking behind the next energy frontier.
1.2 The Search for New Physics
The Standard Model works almost to perfection at presently studied energies
but it is an `eective theory'; the Standard Model does not explain how it arrived
at its present state from the initial singularity in our past associated with the Big
Bang. In addition, there are some outstanding problems to the Standard Model
for which we have no acceptable solutions. One example is the Higgs mass. The
Higgs particle is predicted to be responsible for giving mass to particles. However, a
9straightforward calculation using the Standard Model (without any well-chosen ne
tuning) of radiative corrections to the Higgs mass produces a result of innity. This
is called the naturalness problem. Furthermore the Standard Model does not predict
the mass values of the fermions, the quark mixing angles or the characteristics of the
mass spectrum such as why leptons are lighter than quarks in each generation.
The Standard Model works too well to be `wrong'. The probable answer to these
questions and many others lie in an extension to the Standard Model. Just as quan-
tum mechanics extends Newtonian mechanics to the particle level, particle physicists
believe there is a theory that extends the Standard Model to higher energies. And
nested inside this theory will be the answer to many unexplained observations. An
attractive model that extends the Standard Model to higher energies is Supersymme-
try. Another model, called compositeness, assumes that the elementary particles like
the electron have a deeper underlying structure waiting to be discovered.
1.2.1 Supersymmetry
An elegant extension to the Standard Model is a theory called Supersymmetry [9].
Supersymmetry postulates that there is a symmetry between bosonic and fermionic
matter. This implies that every particle has a partner which is exactly the same in
charge and in how it interacts with matter but diers in spin by one half an integer
as shown in Table 1.1.
So, the super-partners of spin 1/2 fermions are spin 0 particles and the super-
















































































































































































Table 1.1: The fundamental particles of the Standard Model are listed on the left and
their predicted supersymmetric partners are listed on the right. The arrows indicates
elds that mix and the corresponding physical elds that result.
11
partner is called a photino and has spin 1/2. The nomenclature for all these additional
particles goes as follows. The spin 0 super-partners of fermions are simply the fermion
name with an `s' at the beginning so the super-partner of the electron is called the
selectron. The names of the spin 1/2 super-partners of the bosons are made by
attaching an `-ino' at the end. So the photino is the super-partner of the photon.
The fermions with mass like electrons have two helicity states due to their spin
1/2 nature. The electron super-partners denoted `selectrons' preserve both helicity
states. So that there are actually two super-partners for the electron, the right-handed
selectron and the left-handed selectron, one for each helicity state . This is generally
true for all `sfermions' (super-partners of fermions).
As if it isn't confusing enough the boson super-partners can mix. So that the
super-partners of bosons are really a mixture of supersymmetric spin 1/2 particles.
For example, a boson super-partner could be a mixture of the photino and zino. In
order to simplify things (nally!), the neutral boson super-partners (the spin 1/2 su-
persymmetric particles) are called simply `neutralinos' (denoted 
0
) and the charged
super-partners of the bosons are called `charginos' (denoted 

). They are ordered
according to their mass (
0
1




second lightest, and so on). Table 1.1 summarizes the above three paragraphs.
In R conserving Supersymmetry (the only kind considered in this thesis) the
number of supersymmetric particles is conserved in an interaction. This is analogous
to fermionic number conservation where the decay of the muon into an electron is
accompanied by a muon neutrino and an anti-electron neutrino in order to conserve
12
electron and muon numbers. Consequently, a supersymmetric particle can never decay
into two ordinary particles, and, thus, the lightest supersymmetric particle (LSP) is
always stable. This leads to a distinct topology in the detector for a supersymmetric
event. The production of the lightest supersymmetric particles is seen in the detector
as either a heavy charged particle leaving the detector (if 
+
1
or ~e is the lightest
supersymmetric particle) or missing energy (if 
0
1
or ~ is the lightest supersymmetric
particle where the 
0
1
or ~ escape undetected).
In the study of photon only nal states we are searching for the production of
neutral supersymmetric particles. Due to the lack of discovery at lower energy col-
liders [10, 11] the realm of supersymmetric particles is presumed to be at high mass.
Thus, as LEP2 marches up in energy we are constantly searching for the rst direct
signs of Supersymmetry through the production of the lightest supersymmetric par-
ticles. The nature of the lightest supersymmetric particles and their decay modes is
the subject of vast theoretical work [9].
1.2.2 The Neutralino LSP Scenario




lightest supersymmetric particle (NLSP), the 
0
1







has a 100% Branching Ratio. In this scenario 
0
2




higgsino (i.e. no mixing)
1
. This scenario is one of many theoretical possibilities.
1
A pure higgsino 
0
2
and a pure photino 
0
1






















However, it is motivated by an unusual event recorded by the CDF collaboration at
Fermi lab [27]. The CDF event is discussed in Section 1.2.3.
























































pure photino and denoted as such.






















































































and the approximation M
e
= 0 has been made to simplify the
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and selectron masses. For M
e











the cross section is reduced by
a factor of two. For a 
0
2










s = 161GeV (172 GeV) the cross section is 0.37 pb (0.49 pb).
















 is two acoplanar photons
(i.e. two photons and missing transverse energy). The acoplanarity angle is dened
as follows: draw a plane perpendicular to the beam axis; the angle between the
projections of the photon momentum vectors in this plane is the acoplanarity angle.
This plane is dened in ALEPH coordinates as the x-y plane. It is understood that
acoplanar photons are two photons that have acoplanarity less than 180

(i.e. photons
that are not back-to-back in the x-y plane). Since transverse energy is dened as the
energy perpendicular to the beam axis, acoplanar photons do not balance transverse
energy and, thus, there is missing transverse energy in the event (assumed to be
carried o by undetected weakly interacting particles). The range of the photon





































































 is the velocity of 
0
2
in the lab frame. In the energy equations 1.5 and 1.6 the second
term is the energy of the photon in the 
0
2
center-of-mass frame and the rst term is
the boost from the center-of-mass frame to the lab frame. The range of photon energy







Unlike the EW events both photons carry signicant energy, and unlike the QED
events there is necessarily missing energy in the event. In addition, the jcos j dis-
tribution for the photons is very close to isotropic
2
, whereas photons from the EW
and QED processes peak strongly at high jcos j. Both the energy information and
angular information will be used to separate the EW and QED photon events from











is of course the rst accessible mode, but this process
is eectively invisible as the neutralinos escape undetected. This process can be seen










 ) but then the cross section
is reduced by an order  and therefore becomes much more dicult experimentally.





























 is isotropic and the production angle of the 
0
2
(given by equation 1.3) is
not severely peaked. Thus, the polar angle for the photons in the laboratory reference frame have a
distribution very close to isotropic.
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excess in the high mass region of the photon missing mass distribution (discussed in
Chapter 3). Note that this is equivalent to saying that an excess would be seen in






















when the neutralino composition is pure photino for the 
0
2




(giving a 100% Branching Ratio) the cross section for this process is predicted to
be extremely low
3
. Nevertheless, this type of process is searched for by studying
the one-photon events (for which there is a large background of EW events). The






 and the velocity of 
0
2
in the lab frame determine the
















 can be written

















given by equations (1.4 - 1.6). However in this scenario two dierent mass particles
are produced, thus the velocity  of 
0
2
















































The dominant Feynman diagrams are shown in Figure 1.4.
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is predicted to be accessible at













 is large for most neutralino compositions [14] due to phase space suppression of the other






are light enough there would be a sucient boost on the
photon energy to have reasonable detection eciency. In this scenario the cross section multiplied













































1.2.3 Gauge-Mediated Supersymmetry Breaking and the Grav-
itino LSP Scenario
Gauge-Mediated Supersymmetry Breaking (GMSB) [15, 16, 17, 18, 19, 20] is a
version of Supersymmetry where the gravitino (denoted as
~
G), the super-partner
of the graviton, is the LSP
4
. In the minimal model of GMSB (the only model of











isotropic [19] with a 100% Branching Ratio. The gravitino
~




















G is seen in the
detector as two photons and missing energy. In GMSB, the 
0
1
is almost pure `B-
ino' [19], the super-partner of the isosinglet intermediate vector Boson from the U(1)
part of the Electroweak SU(2)
L






The graviton is the theorized particle that transmits the force of gravity. The gravitational
interaction is too weak to be detected at the particle level so the graviton has never been observed
experimentally.
5
In the scenario of very large tan, where  is the ratio of Higgs vacuum expectation values, the





of as a specic mixture of photino and zino components. Similar to the production of























where the neutralino 
0
1
is pure B-ino, right-selectron exchange dominates over left-selecton exchange. The
dierence is that, unlike the photino, the B-ino couples to hypercharge.











The Feynman diagrams are given in Figure 1.5 and the dierential cross section





































































 1 are the hypercharge of the right and left selectrons. Because the hypercharge is
19
to the fourth power, it is clear that the left-selectron contribution to the cross section
































cept that all the nal decay particles are massless in the former. The mass of the
gravitino is expected to be less than 1MeV=c
2
. This mass value is 5 orders of mag-
nitude smaller than the center-of-mass energy. Assuming the gravitino mass to be
zero has negligible eect on its energy distribution. The photon energies are given by













































































In Gauge-Mediated Supersymmetry Breaking models the neutralino can have a
non-negligible lifetime. This could lead to the striking topology of acoplanar photons
that do not originate from the interaction region. The neutralino lifetime directly
20
depends on the Supersymmetry breaking scale
p






















Therefore a discovery of the 
0
1
with measurable lifetime and a measurement of its
mass would lead to the determination of the energy scale at which Supersymmetry
is broken. In the less fortunate scenario where no discovery is made we can still
set a lower limit on the Supersymmetry breaking scale as a function of neutralino





TeV [17]. The sensitivity of this experiment on
p
F for the given luminosity of
11.1 pb
?1
of data at 161 GeV and 10.6 pb
?1
of data at 172 GeV is about 500 TeV
for a neutralino mass of 71 GeV/c
2
.
Another model that predicts the gravitino to be the LSP and the neutralino
to be the NLSP is the so-called `No-Scale Supergravity' model proposed by Lopez,
Nanopoulos and Zichichi (here after referred to as the LNZ model) [22, 23, 24, 25].
Phenomenologically this model is exactly the same as GMSB except that the neu-
tralino always decays at the interaction point and the gravitino mass is several orders
of magnitude smaller.












G is expected to be produced at LEP2
only for very light gravitino masses as the cross section scales as the inverse of the




the cross section is
predicted to be around 1 pb. In the LNZ model the gravitino mass is allowed to be
21
this light [24], but in GMSB the gravitino is predicted to have a mass greater than
1 eV=c
2
. Thus, this process is expected in the LNZ model but not in GMSB models.






and can be written as in
















production, but here the gravitino






























The dominant Feynman diagrams are shown in Figure 1.6









1.2.4 The CDF Event
In 1995, CDF observed an unusual event with two high-energy electrons, two
high-energy photons, and a large amount of missing transverse energy [27] (shown
22
in Figure 1.7). There is no obvious Standard Model explanation for this event [28].




Supersymmetry the CDF ee + E
T
MISS
event could be explained by the Drell-Yan












 where the two 
0
1
's escape detection result-
ing in missing transverse energy. If this is the explanation for the CDF event, the
















, seen in the detector
as two acoplanar photons. In gravitino LSP models, the CDF event could be ex-

























G, seen in the detector as two acoplanar photons
6
.




LSP Supersymmetry the neutralino compositions, photino and higgsino,






 are motivated by the CDF
event. It could very well be that the 
0
2
is pure photino but there is no theoretical
preference to select this neutralino composition as opposed to any other. Neutralino
compositions other than the prudent choice of pure photino and higgsino generally






 and therefore photons are












G is the ONLY






). Similarly, in the LNZ model the neutralino
6



















is the least massive superpartner, and therefore can be produced at lower center-of-
mass energy. In the minimal model of Gauge-Mediated Supersymmetry Breaking this is always true
except at very large tan. In the LNZ model this is always true.
23
Figure 1.7: The CDF event .
always decays into a gravitino and a photon. At LEP, photon events are not only a
good place to search for gravitino LSP Supersymmetry, it is the best place to search!
1.2.6 Compositeness
Compositeness theories [29, 30] assume that the fermions and gauge bosons are not
point particles but are in fact composed of a deeper underlying structure (elementary
24
particles often labeled preons). In this scenario, the electron mass would arise from
the solution to its bound state just as the mass of the pion arises from the bound state
solution of the `u' and `d' quarks. The preons are thought to be bound together by
a conning interaction at a very high energy scale. None of the proposed composite
models is able to predict this energy scale. If the Standard Model is part of a more







takes into account the new interactions due to compositeness. Given
the success of the Standard Model at low energies, L
e
must become negligible as
the interaction energy tends towards zero. L
e
, of course, depends on the spe-
cic compositeness model. The simplest one is to state that an observation of QED
breakdown implies that the electron has a nite size. The idea is that as the energy
is increased higher and higher we are probing deeper and deeper into the electron










not be calculated solely from QED. At this `cut-o' energy  the cross section and




! () is determined by the full composite theory




. Historically, the eects of QED breakdown, for a large













where q is the momentum transfer and 

are the so-called QED cut-o parameters.




































refers to the case of constructive interference between the QED Feynman
diagrams and the compositeness diagrams, and 
?
refers to the case of destructive
interference. Compositeness theories can only be calculated at the Born level because
they are non-renormalizable.
1.2.7 Excited Electron
Electron compositeness may also become apparent due to the existence of excited





! () may proceed via excited electron exchange (as shown in Figure 1.8) in
addition to the normal QED diagrams. Assuming a magnetic coupling of the excited




















+ h:c: where M

e
is the mass of
e
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Until now, no evidence of any underlying structure of fermions or gauge bosons
has been observed [33, 34]. Nevertheless, even considering the large statistics of the
LEP Z peak running, as LEP2 marches up in energy the potential for discovering
compositeness marches up as well. This is true because the dependence of the  limit
on the center-of-mass energy
p





The dependence on luminosity is down by a square root due to the presence of the
largely irreducible background of QED events. In addition, the QED cross section
is proportional to one over the center-of-mass energy squared which gives rise to be
3/8 power term for the center-of-mass energy squared. This thesis studies the data
from 161 GeV and 172 GeV center-of-mass energies. The center-of-mass energy is
almost doubled compared to the Z peak data, which more than compensates for the
27
lack of luminosity (down by a factor of 7.7). Hence, the potential for discovery of




! () process is signicant.
1.3 Conclusion
This thesis describes the study of events where the only detected particles are




! () is measured and
compared to the Standard Model prediction. The missing mass and polar angle





! () is measured in terms of its cross section and polar angle distribution
and compared to the Standard Model predictions.
This thesis also describes the search for any peculiarities in photon only nal state
events at the highest energies ever studied by man (that is until the 1997 running at
183 GeV). In particular, Supersymmetry is searched for. If veried, Supersymmetry
would go a long way in explaining how the universe was formed. The search for
compositeness (which , if veried, would uncover another layer in the search for the
fundamental building blocks of matter) is described, as well, in this thesis.
The results of this thesis are actually more general than the introduction indicates.
The Supersymmetry and compositeness models described above are simply reference
models. The results of this thesis are applicable to any type of new physics that pre-




collisions. For example, acoplanar photons





































! XX! YY where Y is massless or has mass.
The rest of this thesis proceeds as follows. In Chapter 2 the LEP accelerator and
ALEPH detector are briey described with emphasis on the details that are relevant
to this thesis. Chapter 3 details the analysis for the EW process, the EW cross section
measurement and the search for Supersymmetry in the one-photon data sample. The
search for Supersymmetry using acoplanar photons and comparisons to the interesting
event found by the CDF collaboration are presented in Chapter 4. In Chapter 5, the
QED analysis and cross section measurement is described. In addition, the search
for compositeness using this data sample is presented. The conclusions are stated
in Chapter 6. Appendix 1 contains the combination of results from all four LEP
experiments for the search for GMSB.
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Chapter 2
The ALEPH Detector at LEP
The Large Electron{Positron (LEP) accelerator has been designed to collide elec-
trons and positrons at the Z boson mass. The ALEPH (Apparatus for LEP Physics)





ALEPH is an all-purpose detector, designed to detect a large variety of Z decays. The
hermetic construction of ALEPH allows the detector to measure all electromagnetic
and hadronic energy from an interaction except for a small region of polar angle 34
mrads around the beam axis.
Beginning in June 1996, with the installation of super-conducting cavities the
LEP2 phase commenced. By the end of LEP2, 272 super-conducting cavities will be
installed and the center-of-mass energy will reach about 192 GeV. The object of this
increase in energy is to measure the W

mass and to search for the Higgs boson,
Supersymmetry, and whatever else is behind the next energy frontier.
This work presents results based on the rst year of data taking at LEP2, where
30













s = 172 GeV. The data analyzed in this thesis
and the results that follow are the result of an enormous international collaboration
requiring many years of work and cooperation by hundreds of physicists, engineers
and technicians.
2.1 The Large Electron{Positron Storage Ring
LEP is the largest accelerator in the world. It is located across the French{Swiss
border extending from the outskirts of Geneva to the base of the Jura mountains.
With a circumference of 26.6 km and at a depth of roughly 100 m, LEP truly ts the
denition of the modern-day meaning for `Big Science'.
LEP accelerates and maintains electrons and positrons up to 86 GeV (96 GeV by
completion of LEP2) in circular orbits in opposite directions and makes them collide
every 22 s at the four places where the detectors (ALEPH, DELPHI, L3, OPAL)
are located.
To obtain this high energy eciently, the electrons and positrons are produced
and pre-accelerated up to 22 GeV before injection into LEP using the existing CERN
accelerators. Figure 2.1 shows the LEP injection chain.
The linear accelerator (LINAC) consists of two linear accelerators in tandem. In
the rst stage, electrons are produced from a high-intensity gun and accelerated to
200 MeV. They are then passed through a tungsten target to produce positrons. In
31
Figure 2.1: The LEP storage ring with supporting injection accelerators
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the second part of the LINAC, the electrons and positrons are boosted to 600 MeV
before being passed on to the Electron Positron Accumulator (EPA). In the EPA
the electrons and positrons are accumulated separately into bunches and cooled by
synchrotron radiation. These bunches are sent to the Proton Synchrotron (PS) where
their energy is brought up to 3.5 GeV. After the PS, they are passed to the Super
Proton Synchrotron (SPS) where they reach 22 GeV each. Finally, they are injected
into LEP, and accelerated to their maximum energy.
2.2 The LEP2 energy upgrade
Beginning in 1996, the LEP2 phase of LEP began. For the rst time in history man





beyond this energy frontier is the subject of this thesis. The most crucial parameters
for physics at LEP2 are the maximum beam energy and the integrated luminosity.
The beam energy is limited by the RF voltage needed to replenish the losses due




voltage increases by a factor of 16 as the beam is increased from 45 GeV at LEP1 to
approximately 90 GeV at LEP2 (as shown in Figure 2.2). Increasing the RF voltage
by a factor of 16 is made possible by the installation of 272 super-conducting cavities
(sc). In order to reach
p
s = 161 GeV LEP installed 144 sc; an additional 32 sc were
installed for the 172 GeV run. The total of 176 sc for the 1996 run allows almost




















Figure 2.2: RF voltage as a function of beam energy.
allowing a maximum beam energy of 96 GeV.
Unlike LEP1 where the luminosity was limited by beam-beam interactions, LEP2



























is the bunch current, i
total
is the total current, k
b





are the spread of the beam perpendicular to its direction. Table 2.1
gives some typical values [36] for the luminosity parameters. Thus, the luminosity
is maximized by storing the maximum amount of current in the minimal number of
bunches. Putting all of the available current in one bunch is ideal, but the current in a















average luminosity 0.5 pb
?1
/day
Table 2.1: Typical values for the luminosity parameters.
The maximum current that can be put in a bunch at LEP2 is called the bunch
current threshold. Therefore operating in two bunch mode becomes economical when
the total amount of current surpasses the bunch current threshold. Maximizing the
injection beam energy to 22 GeV along with ne tuning of the machine parameters to








The 1996 run attained the desired energy goals of
p
s = 161 GeV and 172 GeV
and a maximum integrated daily luminosity of 1.1 pb
?1
.
2.3 Overview of the ALEPH detector
ALEPH is an all-purpose detector located in Point 4 of the LEP accelerator ring.
The electrons and positrons collide in the center of the detector, called the Interaction
Point (IP). A cut away view of the entire ALEPH detector is shown in Fig. 2.3.
The inner-most detector is the Vertex Detector (VDET), a silicon detector es-
pecially important for precision tracking (like detecting b quark events). The next
35
Figure 2.3: The ALEPH detector.
detector out is the Inner Tracking Chamber (ITC), a tracking detector of gas and
wires especially important for triggering. The Time Projection Chamber (TPC) is
the main tracking detector covering a radius of 1.8 m. Next out in radius from the
IP is the Electromagnetic Calorimeter (ECAL); this detector is essential in measur-
ing photon and electron energy and position. The ALEPH Magnet encompasses the
VDET, ITC, TPC and ECAL allowing the momentum to be measured for charged
particles. Outside the ALEPH Magnet is the Hadronic Calorimeter (HCAL) which
is responsible for measuring hadronic energy and identifying muons. Located at low
polar angles are the luminosity monitors, the LCAL and SiCAL. These two detec-
tors serve the very important function of measuring the luminosity. In addition, the
analysis presented in this thesis utilizes these two detectors to veto events that have
36
energy detected at low polar angles.
The ALEPH coordinate system used throughout this thesis is dened as such.
The z axis points in the e
?
orbit direction, x is horizontal and points to the center
of LEP, and y = z  x points almost straight up.
2.4 The ALEPH Magnet
The magnet, consisting of an iron yoke and a super-conducting coil, surrounds the
three tracking detectors and the Electromagnetic Calorimeter. It provides a homoge-
neous magnetic eld of 1.5 T parallel to the LEP beam allowing the measurement of





where p is the momentum in GeV=c ,  is the angle of the track relative to the eld
axis, B is the eld strength in tesla, and  is the radius of curvature in centimeters.
This relation is derived from the Lorentz force law.
The super-conducting coil consists of a main solenoid and two compensating coils
at the ends; the total length is 7.24 m. The solenoid normally carries 5000 A of
current producing 736 MJ of stored energy. To stabilize the temperature at super-
conductivity levels (4

K in this case), refrigeration and liquid helium is used.
The large amount of iron in the HCAL, used as a sampling medium, serves to
ensure the uniformity of the magnetic eld and return of the magnetic eld ux.
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2.5 The Vertex Detector
The ALEPH vertex detector is a silicon microstrip detector which gives extremely
precise three-dimensional coordinates on charged particle trajectories close to the
interaction point. The vertex detector is very important in nding the secondary
vertex of Z ! b

b events and in improving the track parameter resolution in general.
The VDET is not used in the analysis of this thesis but its description is included
below for completeness.
The VDET95 (the vertex detector used during LEP2 data taking) is approximately
40 cm long with two layers at radial distances of 6.3 and 10.8 cm (as shown in
Figure 2.4). The two concentric layers of silicon wafer strips have readout strips on
both sides (as shown in Figure 2.5).
The `r- side' with strips parallel to the beammeasures the -coordinate of particle
tracks whereas the z-coordinate is measured by strips perpendicular to the beam on
the other side, the `z side'.
Track coordinates are reconstructed by averaging the charge-weighted positions of
adjacent strips that are at least three sigma above the mean noise charge. The point
resolution achieved in 1996 is 
r
 12 m, 
z
 14 m for j cos  j less than 0.4.
The readout chip (MX-7RH) can stand a radiation dose of 1 Mrad.
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Figure 2.4: 3d view of the ALEPH vertex detector.
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Figure 2.5: The vertex detector faces.
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Figure 2.6: Detail of an ITC end-plate.
2.6 The Inner Tracking Chamber
The Inner Tracking Chamber (ITC) is a multi-wire drift chamber serving a dual
purpose in ALEPH. It provides up to eight r- points for tracking and it delivers the
only tracking information for the rst-level trigger.
The ITC is 2 meters long (corresponding to angular coverage jcos j  0:97) and
covers the radial region from 16 cm to 26 cm. There are 960 sense wires distributed
over eight concentric layers parallel to the beam axis. Figure 2.6 shows a cross section
perspective of the ITC.
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The ITC volume is lled with a gas mixture of 80% argon and 20% carbon dioxide.
A charged particle traversing the ITC ionizes the atoms in the gas. The ionized
electron drifts with a mean velocity of 50 m/ns towards the sense wires which are
held at 2 kV.
The r- coordinate of a charged particle trajectory is obtained by measuring the
drift time within a red cell. The resolution is 150 m. The z coordinate is inferred
through the dierence in pulse arrival time between two ends of a wire. The resolution
is only about 3 cm, insucient to be used for tracking reconstruction but adequate
for a three-dimensional trigger decision.
In the search for events where only photons are detected (photon only nal states),
the ITC is essential as a veto of low momentum charged tracks. Low momentum
charged tracks (0:14GeV=c for particles produced at 90

to the beam axis) will not
traverse the TPC and, thus, the ITC is relied upon to eliminate these events.
2.7 The Time Projection Chamber
The Time Projection Chamber (TPC) is the `Big Daddy' of the tracking detectors
(VDET, ITC, TPC) and the central detector in ALEPH. The time projection chamber
with an inner radius of 31 cm, an outer radius of 180 cm and 440 cm long is the largest
of its kind (shown in Figure 2.7).
Dividing the chamber into two halves is a graphite-coated Mylar membrane (25 m
thick) that is held at  25 kV. The two end-plates are held at ground. Each end cap
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Figure 2.7: The TPC mechanical structure.
is tted with 18 proportional wire chambers (or `sectors') which measure ionization
energy (used for particle identication), r- position and drift time. The sectors
contain sense wires and segmented cathode pads (size 6:230 mm
2
, 21 rows in radial
direction), as shown in Figure 2.8. The TPC is operated with an argon-methane
(91:9) gas mixture at atmospheric pressure. A charged particle traversing the volume
of the TPC produces electrons and ions. The electrons from primary ionization drift
towards one of the end-plates in the axial magnetic eld of 1.5 T and an electric eld
of 125 V/cm.
In the vicinity of a sense wire, the electrons create an avalanche and induce a
signal on the cathode pads. The signals are used to measure the energy (dE=dX
used for particle identication discussed below) and the coordinates of the track.
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Figure 2.8: Schematic diagram of a sector edge, showing wire attachment, pad plane,
wire grades, and potential strips.
Azimuthal coordinates are derived from the r- position of the recorded avalanche
with a resolution of 170 m. The z position of a point on the trajectory is deduced
from the drift velocity of electrons in the electric eld. The mean drift velocity is
5.24 cm/s, which corresponds to a drift time of 42 s for the maximal drift length
of 2.2 m. The pads are read out every 200 ns starting from the beam crossing. The
z resolution depends on the polar angle; it is 740 m for a particle at  = 90

.
In addition to its primary role as a tracking device, the TPC also does particle
identication by measuring the energy loss per unit length by ionization (dE/dX) of

















The dE/dX depends on the mass and momentum of the charged particle. Thus,
the measurement of the dE/dX together with the momentum provides a mass mea-
surement for the particle and thus a particle identication. Figure 2.9 is a scatter
plot of dE/dX vs. momentum for a large number of tracks. The dierent particle
types are clearly discernible.
For the analysis of photon only nal states the TPC is essential in identifying
tracks that come from a photon conversions and, of course, in eliminating events with
charged tracks that do not come from a photon conversion.
2.8 Overall Tracking Performance
Tracks are reconstructed starting in the TPC. Nearby hits are connected requiring
consistency with a helix pattern (the pattern of a charged particle in a magnetic
eld). These tracks are then linked to hits in the ITC and VDET. The nal track is
determined using a tting technique [39] taking into account the track hit errors and
multiple scattering. The transverse momentum resolution is given by
(1=p
T





for 45 GeV muons.
Two tracks close together in space can be separated into individual tracks if they
are more than 1.5 cm apart in r- or 2 cm apart in z. A photon conversion is not
reconstructed if both the r- and z distances between tracks are smaller than the
above distances.
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Figure 2.9: Particle identication using dE/dX.
2.9 The Electromagnetic Calorimeter, ECAL
The ECAL (shown in Figure 2.10) is a lead/wire-chamber sampling device. It is
the last detector inside the ALEPH magnet. The barrel has an inner radius of 185 cm
and an outer radius of 225 cm. The endcaps are located 255 cm from the IP and
extend from 57 cm to 228 cm in radius. The nominal thickness of a module is 22
radiation lengths divided into three sections in depth (`stacks') corresponding to the
rst four, the middle nine, and the last nine radiation lengths.
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The ECAL is formed of a barrel, surrounding the TPC, and closed at each end by
endcaps A and B. The barrel and two endcaps are each divided into 12 modules, each
covering an azimuthal angle of 30

. The cracks between modules form only 2% of the
barrel and only 6% of the endcaps. Aside from the cracks and inside j cos j < 0:97,
the ECAL is a completely hermetic detector. Each module is made up of 45 layers
with each layer containing a lead sheet (converter detector), an anode wire plane, and
a cathode pad plane. An ECAL module is divided into three stacks. The rst stack
of the module comprises 10 of the 45 layers, the second stack contains 23 layers, and
the third stack has 12 layers. The lead sheets in stacks 1 and 2 are 2 mm thick. In
the third stack the lead sheets are 4 mm thick.
Inside each one of the 45 planes are between 195 and 233 gold-plated tungsten
wires, 25 m in diameter and with 5 mm pitch. The total energy of each plane is
read out. The total wire energy of a module (the sum of the 45 planes) is used for
trigger information as well as a check of the pad energy measurement. The formation
of a plane in an ECAL module is shown in Figure 2.11.
The total energy and position of the electromagnetic showers are measured using
small (30  30 mm
2
) cathode pads of sizes approximately equal to the width of an
electromagnetic shower. The cathode pads are connected internally to form `towers'
pointing to the interaction point (in total there are 73,728 towers).
Energy and spatial resolution are measured from real data over a range of energies
using Bhabha events (typically 45 GeV electrons),  -pair events involving the decay












events (1{10 GeV electrons).
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Figure 2.10: The ECAL.
Figure 2.11: Typical stack layer.
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After energy corrections for:
{ ionization losses before the ECAL
{ shower leakage
{ saturation
the energy of each electromagnetic cluster (neighboring towers that recorded energy
above the threshold of 20 MeV) is compared to the nal momentum of the electron,
as measured by the tracking chambers. Ionization losses amount to 30MeV for a
45 GeV electron. Losses in energy due to track ionization are obviously not important
for photons. Shower leakage eects due to the shower not being fully contained in a
module is most evident at normal incidence ( = 90

). The eect is to modify the
measured energy by a term proportional to the energy. At normal incidence for an
energy of 50 GeV it is about a 1% correction. The saturation correction is applied to
correct for the saturation levels of the individual cathode pads. The saturation eect











The dependence of the energy resolution as a function of energy is found by tting








+ 0:009 : (2.4)
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The spatial coordinates are found by measuring the center of gravity of the elec-
tromagnetic shower from the four leading towers (the four most energetic connected
towers of the shower). The angular resolution is measured, as above for the energy, by
using electrons from real data and comparing to the TPC measurement. The angular







+ 0:25 mrad : (2.5)
Both the energy and spatial resolution are checked by test beams with photons and
found to agree with the respective measurements from electrons.
Another important feature of the ECAL is that it measures the time between the
beam cross-over (synchronized to the LEP beam pickup) and the time when energy
from an event is deposited in the ECAL. The interaction time relative to the beam
crossing (t

) is found by taking the energy weighted average of the t

measurement
from each wire plane. The t

of each module is calibrated using data. Normally there
is an overall oset and a dependence on the fraction of energy in stack three where
the gain is double that of stacks one and two. This timing measurement is especially
useful in eliminating cosmic ray events.
The ECAL is the only detector for photon identication and photon momentum
reconstruction. Photons are identied by their characteristic shower in the ECAL and
the lack of a charged track pointing to its shower. Photon momentum is reconstructed
by determining the energy from its shower in the ECAL and assuming the photon
originated from the IP. In addition, the well-dened electromagnetic shower in the
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ECAL is utilized to separate electrons from other charged particles. This is essential
in order to properly identify photon conversions.
2.10 The Hadronic Calorimeter, HCAL
The HCAL constitutes the main support of ALEPH. The large iron structure
collects the return ux of the magnetic eld and acts as the absorber of hadrons,
measuring their energy. The HCAL is also essential for muon identication.
The HCAL is constructed like the ECAL, a barrel of 12 modules, and two endcaps
consisting of six modules each (as shown in Figure 2.12). The barrel of the HCAL is
6.3 m long, centered at the IP, and extends in radius from 3.0 m to 4.7 m. The endcaps
extend from 45 cm to 435 cm from the beam axis. The HCAL is rotated with respect
to the ECAL by 32:7 mrads (1:875

) in order to avoid overlapping cracks. Each
module consists of 23 plastic streamer tubes separated by 22 iron slabs (5 cm thick)
corresponding to a total of 7.16 nuclear interaction lengths at 90

. The streamer
tubes, working beyond the proportional region, provide a two-dimensional pattern
(in r and ) of yes/no signals with 1 cm granularity in . The energy and position
is measured capacitively by pads organized in projective towers. Twenty-three pads


















Figure 2.12: The HCAL.
Muon identication is achieved by detecting a pattern in the streamer tubes. In
addition, there are two additional layers of streamer tubes oriented perpendicularly to
each other outside the HCAL. They give the direction and position of muons passing
through the HCAL.
For photon only nal states the HCAL is essential in identifying muons from cos-
mic rays that can fake a photon signal in the ECAL. In addition, when a photon
candidate enters the ECAL inter-module cracks or where the ECAL barrel and end-
caps come together the photon shower often leaks into the HCAL. The HCAL energy
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Figure 2.13: The luminosity monitors.
in this region is added to the photon energy measured in the ECAL to obtain the
nal photon energy. This is discussed in more detail in Section 2.12.
2.11 Luminosity Monitors
The luminosity measurement of the colliding electron and positron beams is per-
formed by two calorimeters, the LCAL and SiCAL (shown in Figure 2.13). The
dimensions of each detector are detailed in Table 2.2. Each calorimeter has two ele-
ments, one on each side of the beam-pipe. They both detect Bhabha events at small
scattering angle . The advantage of having the detectors at low angle is two-fold. The
Bhabha cross section scales as 1=
4
, thus high statistics are achieved. In addition,
the cross section is well understood in this region from Quantum Electrodynamics
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Parameter LCAL SiCAL
Distance from IP (cm) 262 250
Inner radius (cm) 10 6







Table 2.2: Dimensions of the luminosity monitors.
(at low polar angles the interference between the s-channel and t-channel diagrams is
negligible).
The luminosity is given by the number of events detected divided by the cross













where  is the ne structure constant, s is the center-of-mass energy squared, h is





















Table 2.3 details the luminosity recorded for the 1996 run. For this thesis, the small
amount of luminosity obtained at 170 GeV is always included in the 172 GeV data
unless otherwise stated. The LCAL and SiCAL also measure energy, thus increasing
the detector acceptance down to 34 mrads. The luminosity calorimeters (LCAL and
SiCAL), together with the hadron calorimeter (HCAL), are used to veto events in
which photons are accompanied by other energetic particles at low polar angles.
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p
s (GeV) luminosity (pb
?1
) sigma(stat.) sigma(syst.)
161.0 10.740 0.043 0.062
161.2 0.339 0.008 0.002
170.0 1.114 0.015 0.006
172.0 9.536 0.045 0.054
Table 2.3: The luminosity recorded in the 1996 data taking with the ALEPH detector.
The LCAL consists of two halves which t together around the beam axis; the
area where the two halves join is a region of reduced sensitivity (`the LCAL crack').
There are four LCAL cracks in total, two on each side of the detector, above and
below the beam pipe. This vertical crack is only partially covered by the HCAL and
SiCAL. The LCAL crack accounts for only 0.05% of the total solid angle coverage









(), where the nal state electron and positron enter the LCAL cracks,
leaving the photon as the only detected particle, poses a background for the EW
process. Additional selection criteria are required in the EW analysis to `close o'
the LCAL cracks.
2.12 Denition of a reconstructed photon
Photon candidates are identied using an algorithm [40] which performs a topo-
logical search for localized energy depositions (a cluster) within groups of neighboring
ECAL towers with signicant energy deposition. To take advantage of the compact
nature of electromagnetic showers and of the projected geometry of the ECAL, two
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storeys are considered neighbors only when they share a common face. The cluster
is required to have transverse and longitudinal proles consistent with that of an
electromagnetic shower. The clusters found by the algorithm are retained as can-
didate photons if their energy is greater than 0.25 GeV and if there is no charged
track impact at a distance of less than 2 cm from the projecting towers of the cluster
barycenter.
Figure 2.14 is an event display of a one-photon EW event (one photon and nothing
else detected in the event). The - view (large box) shows a close up of the photon
cluster. Each rectangular box represents an ECAL tower and the amount of energy
contained in each tower is indicated by how much the rectangular box is lled in.
The same algorithm used to identify photons in the ECAL also nds the energy
and position of the photon candidate by considering the four central towers. The four
central towers are dened as the four neighboring towers with the most energy. The
photon energy is computed from the energy in the four central towers of the cluster
and the expected value of the fraction of energy in the four towers. In Figure 2.14 only
the four towers with the most energy (the four rectangular boxes that are most lled
in) are used to calculate the energy and position. This method has the advantage of
eliminating tails in the energy and position measurements due to clustering eects








+ 0:009 : (2.9)
The angular resolution for an isolated cluster reconstructed in this manner remains
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Figure 2.14: an event display of a typical ECAL cluster from a one-photon event
(  view). Note that the energy of the cluster is almost fully contained in the four
central towers. The full - view and the x-y view are shown in the upper and lower
right, respectively. The x-y view shows the cross section of the detector. The photon
is completely contained in the ECAL (as seen in the x-y view).
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the same as that in equation 2.5.
Photon candidates may also be identied in the tracking system if they con-
vert producing an electron-positron pair [41, 39]. About 5% of the photons within
jcos j < 0:95 convert in the material of the detector producing an electron-positron
pair, identied as follows. Both tracks must be reconstructed and have opposite
charge. One of the tracks must be identied as an electon [39, 42]. Then a photon
conversion pair nding algorithm is used with the following cuts:
 The distance in the x-y plane between the two tracks at the closest approach
to the materialization point must be less than 1 cm.
 The z separation of the two tracks at the closest approach to the materialization
point is required to be less than 1 cm.
 The invariant mass of the track pair at the materialization point is less than
50 MeV/c
2
 The materialization point must be at least 5 cm from the beam axis.
The materialization point is found by doing a three dimensional vertex t on the
charged tracks without kinematic constraints. Figure 2.15 shows an event display of
a photon conversion. Once identied, a reconstructed conversion is treated exactly
like a photon. This denition of a photon is used throughout the paper.
Photons that enter near the ECAL inter-module cracks or in the gap region be-
tween the barrel and one of the endcaps often have a poor energy measurement.
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Figure 2.15: A photon that converted in the inner wall of the TPC is shown in the
x-y view (large box), the r-z view (upper right) and again in the x-y view (lower










) from the 1995 run at the Z peak were used to study
the cracks of the ECAL. Figure 2.16 shows the energy of the ECAL cluster versus
polar and azimuthal angle. Since these are Bhabha events at the Z peak the nomi-
nal energy should be 45.6 GeV. Due to initial state radiation the average energy is
reduced a few GeV. A drop in energy is observed in the polar and azimuthal angles
corresponding to the gap region and inter-module cracks, respectively. The inter-
module cracks are at dierent azimuthal angle for the barrel and endcap. Energy
reconstruction is optimized by identifying these low sensitivity regions and correct-
ing for energy leakage into the HCAL. Photons far from ECAL cracks have their
energy measured solely from the localized energy deposition. Photons that are not
well-contained in the ECAL (in a crack or gap region) have their energy measured
from the sum of the localized energy depositions and all energy deposits in the HCAL
within a cone of cos > 0:98. Figure 2.17 shows the energy versus angle for the same
data but with the addition of HCAL energy for electrons not well-contained in the
ECAL. The energy measurement is much improved.
2.13 Neutral Trigger
The trigger most relevant for photon events is the neutral trigger. The neutral
trigger for the 1996 running is 0.95 GeV total wire energy in a module for the barrel
of the ECAL or 2.09 (2.30) GeV total wire energy in a module for endcap A (B)
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Figure 2.16: The average energy (in GeV) vs. angle of Bhabha electrons from the
1995 Z peak running. The energy is clearly mismeasured in the gap region (centered
at approximately jcos j = 0.75) and the inter-module crack region (centered at az-
imuthal angle 0.23 and 0.49 for the endcaps and barrel, respectively). The azimuthal
angle is in radians and plotted for one module. One ECAL module covers 0.52 rads.
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Figure 2.17: The average energy (in GeV) vs. angle of Bhabha electrons from the
1995 Z peak running. The HCAL energy is included in the gap and inter-module
crack regions. The energy measurement is clearly improved.
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described.
2.14 The Monte Carlo samples
Modern high-energy physics experiments rely on detailed simulation of both par-
ticle level interactions and the detector response to these reactions. The calculations
for both particle interactions and the detector response are valid only for large statis-
tics. Because these simulations rely on random processes, they are termed Monte
Carlo. The Monte Carlo process begins by simulating the electron-positron collision.
A generator is responsible for accurately predicting the particle interaction of interest.
The user sets the initial conditions (type of process,
p
s, etc.) and, using a random
number generator, the program outputs events which contain the 4-momenta of the
nal state particles. The 4-momenta of the nal state particles obtained from the
generator program are then passed through the detector simulation and detector re-
construction programs [41]. Monte Carlo programs are extremely helpful in designing
the selection criteria for a given process. In addition, Monte Carlo is used to estimate
the eciency for the selection criteria, the Standard Model cross-section predictions
and the background estimates.
While modern Monte Carlo programs are extremely detailed and accurate, they
are not perfect. Therefore any opportunity to make a measurement or correction
which does not require Monte Carlo simulation is exploited. In addition, a measure-
ment or correction depending on Monte Carlo simulation is double checked.
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! () cross section measurement and the back-
ground for the anomalous photon plus missing energy searches are estimated using









s = 172 GeV were generated and fully reconstructed. This Monte
Carlo is checked by comparing to the NUNUGG [44] generator at
p
s below the W

threshold and to the CompHEP [45] generator at higher energies. The Monte Carlos
agree within errors to 1% for the emission of one photon. The background estimate
for the acoplanar-photon search from the KORALZ Monte Carlo program is checked
by comparing to the CompHEP Monte Carlo program. Large samples of both pro-
grams were generated at
p
s = 172 GeV. The acoplanar-photon signature is checked
for loose acceptance cuts (E

> 5GeV, jcos j < 0:95) and in a more restrictive region
(MissingMass > 100GeV=c
2
). The discrepancy between KORALZ and CompHEP
is at the 10% level [46]. Shown in Figure 2.18 is the integrated cross section for the
EW process as a function of the cut on the second most energetic photon for both
the KORALZ and CompHEP programs.
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s = 172 GeV were generated. The correction to
the total cross section from order 
4
and higher eects is estimated to be less than
1% [48]. The eect on the eciency is completely negligible.
The Bhabha generator [49] is used to compare with Bhabha events selected in
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() process at
p
s=172 GeV as a function of the cut value on the second most energetic photon for
the CompHEP (solid histogram) and KORALZ programs (dashed histogram).
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parison of reconstructed Bhabha events in the data to reconstructed Monte Carlo
events is used to test the detector simulation program. Background to the photon(s)








() (a Bhabha event with
a Bremsstruhlung photon) events where initial or nal state particles radiate a pho-
ton and the nal state particles escape along the beam direction undetected. This
background is studied using a dierent generator, the BHWIDE [50] Monte Carlo
program.
The generator used for simulating supersymmetric events is SUSYGEN [51]. This
Monte Carlo is used to design the selection criteria and evaluate the eciency for
the searches for Supersymmetry. In addition to SUSYGEN, a toy Monte Carlo, was
developed for the photon(s) and missing energy topology. The toy Monte Carlo
simulates the relatively simple kinematics of the supersymmetric processes studied in
this thesis. The toy Monte Carlo does not include initial state radiation and therefore
is always used in conjunction with SUSYGEN. The toy Monte Carlo allows the speedy
calculation of eciency over a wide range of mass points.
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Chapter 3





The EW process consists of the Feynman diagrams shown in Figure 1.1. The
weakly interacting neutrinos generally escape undetected leaving the bremsstrahlung
photon (or photons for the higher order diagrams) as the only detected particle. The
signal, as seen in the detector, is one or more photons and a large amount of missing
energy (carried o by the undetected neutrinos). As explained in Chapter 1, the
photons are bremsstrahlung photons from the incoming electron or positron. The
chance of two photons being bremsstrahlung is reduced by an order ; therefore, EW
events are predominantly events with a single photon and missing energy. Because of
the huge cross section for Z production, the majority of these events have a missing
mass at the Z mass.
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3.1 Event selection criteria
This type of signal, an isolated pocket of energy in the ECAL and nothing else
in the detector, is susceptible to background not originating from the beam collision.
Cosmic rays from space and noise in the ECAL (a spark on the wires for example)
can fake the signal. Because the detector is approximately 200 meters underground,
it is well shielded from all cosmic particles except muons and neutrinos, which in-
teract weakly with matter and have long lifetimes. The neutrinos almost always
pass through the detector without leaving a trace, posing no problem. The muons,
however, bremsstrahlung photon(s) as they traverse the detector. However, because
muons are charged particles, they are easily spotted in the tracking chambers (ITC
and TPC) and/or the HCAL if they traverse the detector. The event is then elim-
inated by requiring no charged tracks in the ITC and TPC and less than four red
streamer tubes in the outer region of an HCAL module.
Cosmic muons that traverse only the ECAL and bremsstrahlung a photon are a
little more tricky to eliminate. However, the ECAL information can be exploited
to remove these types of events. Bremsstrahlung photons are generally emitted in
the same direction as the particle emitting them. A photon emitted by a muon that
does not traverse the tracking chamber will not in general point to the Interaction
Point (IP). The photon of an EW event comes from the IP. By nding where the
photon `points' in space, the photon impact parameter is found and the signal can be
distinguished from background. The barycenter (the center of gravity of the energy
68
for an ECAL cluster) of the photon shower is found in each of the three ECAL stacks.
Taking two points at a time, three possible photon trajectories are calculated and used
to estimate the distance of closest approach in space of the photon to the interaction
point. The minimum of the three estimated distances of closest approach is called the
photon impact parameter. The cut on the photon impact parameter is determined
using data events from the QED selection criteria (to be discussed in Chapter 5) and
is required to be less than 25 cm (as shown in Figure 3.1), approximately 4 sigma of
the resolution. Shown in Figure 3.2 is the photon impact parameter distribution for
data and KORALZ Monte Carlo events that pass the EW selection criteria (excluding
the photon impact parameter cut). After the no charged track, HCAL pattern and
photon impact parameter cuts no cosmic ray events are left in the data, as veried
by scanning the events.
Detector noise events are usually quite dramatic, as shown in Figure 3.3. These
events re many storeys with roughly equal energy resulting in very wide clusters.
Real photon events have showers that typically span only a few storeys with the energy
concentrated in the middle resulting in compact clusters (as shown in Figure 2.14).
A cluster width is calculated by taking an energy-weighted average of the angular
deviation from the cluster barycenter of each of the ECAL storeys contributing to
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! () events (solid his-
togram) and in cosmic ray events (dashed histogram). The cosmic ray events are
selected by requiring events that are not in time with the beam crossing and that
have no charged tracks in the ITC and TPC. The Monte Carlo is absolutely normal-
ized to the data; the cosmic ray events are arbitrarily normalized. The cut at 25 cm
is indicated by the arrow.
where ~x
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d is the line from the IP to the
barycenter, E
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is the total energy of the cluster
and N
st
is the total number of the storeys that make up the cluster. The cluster
width is required to be less than 0.85

. This value for the cluster width cut results in
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! () events (solid
histogram). The Monte Carlo is absolutely normalized to the data. The cut at 25 cm
is indicated by the arrow.
Finally, as both cosmic ray and detector noise events do not originate from the
beam collision, their time of occurrence should not coincide with the beam crossing,
except by pure coincidence. The interaction time relative to the beam crossing t
0
is taken from the ECAL modules. In order to optimize the t
0
performance for this
analysis and to correct for the slower ampliers in the 3rd stack, a sample of Bhabha
events from the 1995 Z peak running was studied. Using this sample of events each
module's t
0
is corrected to have zero oset. The modules in the barrel are all corrected
by an 8 ns overall shift plus 80 ns times the fraction of total energy in the third stack
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Figure 3.3: A typical ECAL noise cluster (- view). The cluster is extremely wide
and the energy is evenly dispersed among many storeys. Each cell represents an
ECAL tower of at least 20 MeV in energy. The amount of energy deposited in each
tower is indicated by how much it is lled in. On the right are the r-z (upper) and
x-y (lower) views of the detector.
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of the ECAL. The corresponding corrections for the endcap modules amounts to an
overall shift of 16 ns plus 60 ns times the fraction of energy in the third stack. The t
0
for the event is then found by taking the energy weighted average of the corrected t
0
's from all modules. A cut at  40 ns is applied (as shown in Figure 3.4). Note that in
1996, LEP sometimes ran in `two bunch mode'. The beam of electrons and positrons
sometimes had two bunches of particles at each point of collision. The second bunch
was spaced 320 ns after the rst.
The acceptance is a region of phase space (energy and polar angle) for which the
detector eciency is well-understood and well-modeled. The detector does not have
full 4 coverage. At high jcos j (low polar angle) there are no detectors (in order to
allow the beam particles through) and, thus, no information. The cross section for the
EW process is severely peaked at low energy and high jcos j. Therefore calculating
the eciency over the whole 4 (and obtaining a ridiculously small number over
the polar angular range of the detector) is not interesting. A detector acceptance
is dened for which the eciency and cross section are well-understood. The polar
angle acceptance is the range of polar angles for which the cross section is dened. For
example, if the acceptance is jcos j < 0:95 then only photons in this angular range
are counted in the calculation of the cross section. The cross section is thus dened




! () events inside the polar angle acceptance of
jcos j < 0:95. The detector cannot accurately measure innitely small energies, so
an energy acceptance is also dened for the measurement of the cross section. Both
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Figure 3.4: The interaction time t
0
(in ns) relative to the beam crossing is plotted at
three stages of the analysis. a) The t
0
is plotted for the 161 GeV and 172 GeV data
with all EW selection criteria applied except the cosmic ray and detector noise cuts;
the at cosmic background is evident. b) Same as a) but including all the cosmic ray
and detector noise cuts except the photon impact parameter and cluster width cuts.
c) The t
0
is plotted with all cuts applied. The remaining events are all in time with
the beam and, as veried from scanning the events, are all signal events. The second
bunch centered at 320 ns is evident.
74
section.
The photon acceptance for cos  and energy are jcos j < 0:95 and E > 1 GeV,
respectively. In addition, a p
?
(the momentum transverse to the beam axis) require-









() where the electron and positron escape undetected down





sucient to force at least one of the beam particles into the detector
1
. These events
are then eliminated by requiring that there be no charged tracks in the tracking
chambers and the following cut. The event is rejected if the total energy (excluding









! () by 7%
due to additional bremsstrahlung photons at low angles. In addition, to compensate









s is applied to events that have missing p
?






in azimuthal angle (). This additional requirement on the p
?
of the photon
is sucient to force at least one of the beam particles into the HCAL
3
.
The EW process with two or more photons occurs when the initial state particles
bremsstrahlung additional photons. The corresponding cross section is reduced by
1
It is assumed that, at most, the p
?
of the photon is shared by two particles. The active region
for the detector extends down to 34 mrads from the beam axis. Applying momentum conservation
to the worst case scenario where the p
?
of the radiated photon is shared equally by the two particles
and accounting for energy resolution, the p
?






`Any energy within 14

of beam axis' really implies that no energy above the detector thresholds
is recorded. The threshold used is 300 MeV for the LCAL and SiCAL and 40 MeV for the HCAL.
3
Again, it is assumed that, at most, the p
?









0 20 40 60 80 100 120 140 160 180




Figure 3.5: Data obtained from the LCAL during the 161 GeV and 172 GeV runs
is plotted. The sole selection criteria is that the object be of energy greater than





, where n is the number of additional photons. In order to eliminate
contamination from the QED process (to be discussed in Chapter 5), predominately
two back-to-back photons with the beam energy, additional cuts are applied. If there
are two photons in the event the acoplanarity is required to be less than 170

. If
there are more than two photons in the event the missing energy must be greater
than 0:4
p
s in order for the event to be selected. The acoplanarity and missing
energy distributions for both simulated EW and QED events are shown in Figure 3.6.
The EW analysis proceeds as follows:
Acceptance:
 All photons are required to have j cos  j< 0:95 and E > 1 GeV






 No charged tracks in the event that do not come from a conversion




s when the missing p
?
points to the LCAL crack
 The total additional visible energy must be less than 1 GeV
 No energy within 14

of the beam axis
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Figure 3.6: The acoplanarity and missing energy distributions are plotted for simu-
lated EW (solid histogram) and QED (hatched histogram) events at
p
s = 161GeV.
In a) the simulated events are plotted after the energy requirement for events with
exactly two photons in the acceptance. In b) three or more photon events which pass
the energy requirement are plotted. They are absolutely normalized to 1306 pb
?1
.
The arrow indicates where the cut is made.
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Eciency(%)
Selection 161 GeV 172 GeV
N

 1 and N
ch







= 90 17 or 270 17 87 87
Additional energy < 1 GeV 80 80
No energy within 14

of the beam axis 79 79
Uncorrelated noise 76 77
All other cuts 75 76




! () process inside the accep-
tance cuts.




Cosmic ray and detector noise cuts:
 The total number of HCAL red layers in the 10 outermost layers of any given
module is less than 4
 The photon impact parameter is within 25 cm of the IP
 The cluster width of the photon is less than 0:85

 The measured t
0
from the ECAL wires is within 40 ns of the beam crossing
Residual cosmic ray and detector noise backgrounds are measured by selecting
events slightly out of time with respect to the beam crossing but which pass all other
cuts. No such events are found in a displaced time window of 740 ns width. Events
with a radiated photon in the acceptance and the nal state particles escaping un-














! () processes. The equivalent of 60 data sets of these Standard Model
background processes was generated and passed through the full detector simulation.
No events from these samples survive the selection.




! () cross sec-
tion




! () is estimated using the KORALZ
Monte Carlo, as shown in Table 3.1. The eciency of the cosmic ray and detector
noise cuts are checked using the QED two-photon sample. The eciencies for the
data and Monte Carlo QED events are in good agreement.
Eciency for signal detection can also be lost by uncorrelated noise in the detector.
For example, if a HCAL tube spuriously res giving a reading of more than 1 GeV,
the event is lost due to the requirement that the total energy excluding photons must
be less than 1 GeV. This type of eciency loss is not simulated in the Monte Carlo,
so it must be found in another way. At random beam crossings the detector is turned
on and the event recorded. These are called random trigger events. The percentage of
these events that do not pass the additional energy less than 1 GeV and the no energy
recorded within 14

of beam axis cuts give an estimate of the eciency loss due to
uncorrelated noise in the detector. In the 161 GeV data it is found that uncorrelated
noise accounts for a 4% eciency loss. For 172 GeV, the eciency loss is 2%.
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After all cuts, 41 one-photon events and two two-photon events are found at
p
s =
161GeV where 45 one-photon events and three two-photon events are expected from
the Standard Model (calculated from the KORALZ Monte Carlo). At
p
s = 172GeV,
36 one-photon events and one two-photon event are found where 37 one-photon events
and two two-photon events are expected. No EW event of three or more photons is





! ()) = 5:2  0:8  0:2 pb at
p





! ()) = 4:6  0:8  0:2 pb at
p
s = 172 GeV:
These results are consistent with the Standard Model predictions of 5.8  0.1 pb at
161 GeV and 4.9  0.1 pb at 172 GeV. The missing mass and cos  distributions
are shown in Figure 3.7. The goodness of t for the cos  distribution is checked by




is found to be 4.5 for 10 degrees
of freedom. The energy distribution is shown in Figure 3.8.
Estimates of the systematic uncertainty in these cross sections are shown in Ta-
ble 3.2. The ability of the Monte Carlo to accurately simulate the selection eciency
for energetic photons is checked with a sample of Bhabha events selected using only
tracking and muon chamber information. The tracking information was masked from
these events and the photon reconstruction redone. The eciency to reconstruct a



































Figure 3.7: a) The invariant mass distribution of the system recoiling against the
photon(s) candidate is shown for both the data (with error bars) and Monte Carlo
(histogram). b) The corresponding plot of the polar angle distribution of the photon
candidate. The highest energy photon is taken for events with two or more photons.
In both a) and b) the data and Monte Carlo from
p
s = 161 GeV and 172 GeV are


































Figure 3.8: The energy distribution of the photon candidate is shown for both the
data (with error bars) and Monte Carlo (histogram). In a) the results after all cuts are
shown for
p
s = 161 GeV. The data from
p
s = 172 GeV is shown in b). The Monte
Carlo is absolutely normalized to the data. For events with two or more photons








Monte Carlo theoretical 1
Monte Carlo statistical 0.4
Total (in quadrature) 4
Table 3.2: Systematic uncertainties for the EW process.
data and Monte Carlo simulation at the 3% level. The uncertainty in the number of
simulated pair conversions is estimated in an approximate manner by adjusting the
material thickness that is input into the detector simulation program by 50%. The
eciency is recalculated given the change in the number of simulated pairs. A 0.3%
change is found in the overall eciency. To account for the uncertainty in the energy
calibration between data and Monte Carlo the photon energy is shifted by 2% in the
Monte Carlo and the eciency recalculated. The dierence in the eciency is found
to be 0.2%. The error on the luminosity given by the LCAL is 0.7%. The eciency
estimate given by the KORALZ Monte Carlo program is checked by comparing to
the NUNUGG Monte Carlo program. The eciency estimates from the respective
Monte Carlos agree within errors to 1%. Total systematic error is obtained by adding
in quadrature the individual contributions.
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3.3 Search for New Physics in the EW data
The total number of EW photon events agree with the total number expected
from the Standard Model. The missing mass and polar angle distributions agree with
the expected distributions. Thus, there is no evidence for new physics. In this section
the EW data is used to set limits on the production of new physics. The topology
of the new physics being searched for is a single photon and missing energy. Specic
models relating to Supersymmetry (as discussed in Chapter 1) are used to set upper
limits on the cross section. The upper limits on the cross section, however, are quite
general and can be applied to other models with a similar topology.












G are not easily separated from the EW
events. Therefore a background subtraction procedure is applied. A simple subtrac-
tion of the total number expected from the total number observed in the data (using
a proper statistical method) can be done to derive an upper limit. However, this
crude method does not utilize all of the information. For example, the dierence

















events can be exploited to improve the sensitivity of the experiment. A powerful
method in determining how well one distribution agrees with an expected distribu-
tion is the likelihood function. In this case, the likelihood function is the conditional

















































is the number of entries in the i
th
bin of the missing mass distribution for the data,
b
i





corresponding number of signal events expected in the i
th
bin assuming a total of S
signal events. The value s
i
is found by normalizing the missing mass distribution for
signal events to the total number of signal events S. The likelihood as a function of S
can be plotted by repeating the calculation of equation 3.2 for many dierent values
of S.
The condence level (C.L.) for the upper limit on the total number of signal events
contained in the data can be obtained in many ways. The simplest and most direct
method is the classical method. From the likelihood one can determine the number
of signal events N
S
such that the probability is 95% that the number of signal events
S in the data is less than N
S
(or conversely, at 95% C.L. the number of signal events
in the data is less than N
S













Note that the overall normalization is automatically taken into account by this equation. This
is often referred to as the extended likelihood.
86
The classical method has the problem that we are integrating the likelihood function
(or p.d.f.) over negative values of S when we know a priori that S  0. When the
number of events in the data is less than the expected background the upper limit
calculated from the above equation is unphysically optimistic. Another alternative is












where (S) is the prior density function. Here one has the advantage that prior












0 if S < 0
1 if S  0
: (3.7)
This choice is recommended by the Particle Data Group [PDG96]. It can be seen
that, for this choice of (S), the integrals begin at 0 and, therefore, negative, un-
physical values of S are not integrated over. The Bayesian upper limit is found for


























































G becomes accessible at LEP2 [24]. The hypothesis
that there is a mixture of signal and EW events in the data is made. The method
discussed in the previous section is then used to determine the upper limit (at 95%
87
C.L.) on the number of signal events contained in the one-photon data sample ob-



























have very dierent distributions in missing mass, as explained in Chapter 1 and
illustrated in Figure 3.9. The likelihood that the data missing mass distribution agrees

















G reactions is calculated using equation 3.2. The
likelihood vs. S (the total number of signal events) plot is shown in Figure 3.10.
Following the Bayesian method (equations 3.6 and 3.7), the upper limit on the total
number of signal events, N
S
, is calculated by integrating the likelihood vs. S curve.
The number of signal events is increased until the integration from S = 0 to S = N
S
of the likelihood is 95% of the total area (the integration from S = 0 to S =1 ), as
shown in Figure 3.11. N
S
is then the upper limit on the total number of signal events
at 95% C.L. This procedure is repeated at each neutralino mass up to 171 GeV/c
2
stepping by 1 GeV/c
2
in mass.
A toy Monte Carlo with the kinematic cuts applied is used to describe the signal
shape of the missing mass distribution at each neutralino mass. The SUSYGEN
Monte Carlo program is run through the detector simulation program and used to
estimate the additional eciency loss due to ISR and photon reconstruction. The
eciency for a 
0
1
of mass 80 GeV/c
2
is shown in Table 3.3. The eciency for the
signal process for neutralino masses above 40 GeV/c
2
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Figure 3.9: a) The invariant mass distribution of the system recoiling against the
photon candidate is shown for both the data (with error bars) and the EW process
simulated by Monte Carlo (histogram). b) The invariant mass distribution of the
system recoiling against the photon candidate is shown for the data (with error bars),
the Monte Carlo simulation of the EW process plus the signal process (histogram)













is plotted for a neutralino mass of 120 GeV. The area of the signal distribution is 7.9
events and the C.L. of the agreement between data and EW plus signal is 5%. Thus
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Figure 3.10: The likelihood function (the p.d.f.) vs. the number of signal events for
a 120 GeV mass neutralino. The arrow at 7.9 events indicates the 95% C.L. upper
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The 95% C.L. point
Figure 3.11: The plot of 1 - the integrated likelihood function vs. the number of
signal events for a 120 GeV mass neutralino.
As reported in the EW section, 77 one-photon events are found in the combined
data set of 1996 and 82 are expected from the Monte Carlo. The upper limit on the









G for two dierent gravitino masses. A negligible neutralino
lifetime is assumed. The luminosity of the two data samples is combined assuming
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) threshold dependence of the cross section. The systematic
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on the number of signal events by less than 1%.




, the neutralino mass
limit is 100 GeV/c
2
. However, the cross section for this process scales as the inverse
of the gravitino mass squared, so the limit on the neutralino mass is very sensitive
to the assumed gravitino mass. The excluded region of neutralino mass vs. gravitino
mass is shown in Figure 3.13.


























 process is obtained by repeating
the procedure of the previous section but allowing for the LSP to have mass. Fig-
ure 3.14 shows the contour plot of the cross section multiplied by Branching Ratio











! XY ! YY assuming an isotropic decay for X ! Y and isotropic
production angles. In addition the limits are robust to the 5% level if instead the
X and Y particles are produced with a 1 + cos
2













































G. The limit is valid for
p
s = 172 GeV assuming 
8
=s thresh-


















center-of-mass energies are combined assuming =s threshold dependence. The sys-
tematic errors are exactly the same as in the previous section and have negligible




















Excluded at 95% C.L.
Theory X-sect. given
by LNZ model
Figure 3.13: The excluded region in the neutralino mass, gravitino mass plane. The
selectron mass and neutralino composition are set according to the LNZ model. Note
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). The limit is valid for
p
s = 172GeV assuming =s threshold behavior and isotropic decays.
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Chapter 4
Search for Supersymmetry with
Acoplanar Photons
In Chapter 3 the EW events were successfully isolated and the cross section was
measured. Then, the Standard Model expectations for the EW process were employed
to perform a background subtraction on the EW data sample in order to derive limits
on physics beyond the Standard Model.
In this chapter, as we continue the search for physics beyond the Standard Model,
the topology of two or more photons and missing transverse energy is studied. Again,





! () have no missing transverse energy, whereas the signal generally has
a large amount of missing transverse energy carried o by the lightest supersym-
metric particle (LSP). Supersymmetric events can easily be separated from QED
events with a cut on acoplanarity (which is equivalent to a cut on transverse en-
96





! () (the EW process with two or more bremsstrahlung photons in the





! () with one or more bremsstrahlung photons in the ac-
ceptance). This background is not large for the given luminosity of 21.7 pb
?1
and
a background-subtraction technique is not utilized. Therefore, the strategy for the
search for acoplanar photons is to develop a selection criteria (in addition to the cos-
mic ray and detector noise cuts of Chapter 3) that eliminates or reduces to a small
level the presence of EW and QED events. The data are passed through this selection
criteria, the remaining events are counted and this number is used to set an upper
limit on the cross section for the Supersymmetric processes that produce acoplanar
photons.
Supersymmetry is the reference model for the derived limits, but the cross section
limits are much more general and can be used to constrain other models which predict
the signature of photons and missing transverse energy (for example, compositeness
models that predict an excited neutrino with the decay 

! ). The chapter
proceeds as follows: the general selection for acoplanar photons is discussed in Section
1, the search for Supersymmetric models which predict the gravitino to be the LSP
are detailed in Section 2 and the search for Supersymmetric models which predict the
neutralino to be the LSP is described in Section 3.
97
4.1 Acoplanar photon preselection
As described in Chapter 1, there are two supersymmetric scenarios which give















G is a possibility at LEP2. In the neutralino LSP sce-

















 is possible at LEP2. The signals dier in that the LSP is
essentially massless in the rst scenario and can have substantial mass in the second
scenario. After the common preselection there are two slightly dierent search criteria
for the two scenarios, as described in the sections below.
The preselection is designed to reduce the cosmic ray, detector noise and QED
backgrounds to a negligible level. These are the same backgrounds that were studied
for the EW signal in Chapter 3 and, hence, the acoplanar preselection contains many
of the same selection criteria. The preselection begins by requiring no charged tracks
that do not come from a conversion. Due to detector acceptance only photons within
j cos j < 0:95 are counted. Since for the acoplanar photon search at least two photons
are required, background from cosmic rays and detector noise is less severe, so the
impact parameter requirement is not imposed. Dropping the impact parameter cut
allows this selection criteria to remain ecient for the scenario where the decay of
the NLSP into the LSP and a photon occurs away from the Interaction Point. Events
with more than two photons are required to have at least 0:4
p
s of missing energy.
As shown in Figure 3.6, this cut reduces signicantly three-photon events from the
98
Cumulative () bkg. () bkg.










































Two photons inside jcos j < 0:8 52 0.063 -
Table 4.1: The acoplanar-photon selection criteria, and the additional cuts required
by the two analyses described in the text. Signal eciency for the gravitino LSP






















numbers are given for
p
s = 161 GeV but are similar for 172 GeV.
QED process. Missing transverse energy is required by imposing an acoplanarity cut
at 177

and requiring that the additional total energy be less than 1 GeV. Figure 4.1



































 events. When there are three or more photons in
the event, the two most energetic photons are used to determine the acoplanarity. The
QED background is eectively eliminated after the above selection criteria. The total
p
?
is required to be greater than 3.75% of the missing energy, reducing background
from radiating events with nal state particles escaping down the beam axis to a
negligible level. The selection criteria and cross sections for the surviving background






















































 events (dotted histogram) at
p
s = 161GeV after all other
acoplanar-photon preselection cuts. They are normalized to the number of events, but
the QED events are weighted by .1 (so in the plot each QED event represents 10 events















for a 65 GeV/c
2

























mass of 20 GeV/c
2
















































41604 1172 95.3 50.6 2.9 -0.30 -0.63
41869 2325 133.6 23.4 2.4 0.72 0.87
42453 3636 123.8 27.8 15.3 0.63 0.16
Table 4.2: The properties of the events selected by the acoplanar preselection. The
rst two events are from the 161 GeV data and the last event is from the 172 GeV
data.





! () events. At 172 GeV, one event is selected while 2.3
are expected. Table 4.2 lists the three data events and their properties.
4.2 Acoplanar photon search:
~
G LSP scenario
For the gravitino LSP search, an additional cut is placed on the energy of the
second most energetic photon (E
2
) to reduce substantially the remaining background
from the EW process. The energy distribution of the second most energetic photon
is peaked near zero for EW events (as shown in Figure 4.2), whereas for signal events
both photons have a at distribution in an interval depending on the neutralino mass
and
p





s = 161 GeV, the corresponding range of photon energy is 16.5 GeV to
64.0 GeV. Thus, with a cut at 15 GeV, the background can be signicantly reduced
with no cost in eciency for a 65 GeV/c
2
neutralino.
The energy cut for the second most energetic photon is determined by an opti-



























! () events (arbitrarily normalized) passing the acoplanar-photon pre-
selection. For signal events, the energy of each photon has a at distribution in a
range dependent on
p




of the 95% C.L. upper limit on the signal production cross section, with L equal to




















+   ) (4.1)
as obtained with a large number of random experiments in the absence of any signal
contribution. Here, "(x) is the signal eciency and b(x) is the remaining number
of expected background events after all cuts, with the energy cut set to x. Large






are the Poisson probabilities for seeing n = 0; 1; 2; : : : events when b(x) are expected
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minimum at 18 GeV
Figure 4.3: The average expectation for the upper limit on the number of events
excluded at 95% condence level (N
95




mass is 67 GeV/c
2
.
95% C.L. upper limits without background subtraction. An optimal cut is found by
minimizing N
95
with respect to the cut value.
Using the theoretical cross-section for neutralino production (with neutralino com-
position set to pure B-ino), the eciency, the expected background and the luminosity
are used to estimate the expected exclusion at 95% C.L. on the neutralino mass. Then,
for this mass neutralino, the energy cut is varied and the minimum of N
95
is found in
order to choose an optimized energy cut (as shown in Figure 4.3). For 11.1 pb
?1
of
data at 161 GeV and 10.6 pb
?1
of data at 172 GeV, the optimal cut is 18 GeV for a
103
neutralino mass of 67 GeV/c
2
. With the requirement that the second most energetic
photon must have E  18GeV, the background is reduced to 0.045 pb (essentially




! () process), while the eciency remains high at 69% for




s = 161 GeV. For neutralino masses
greater than 70 GeV/c
2
the photon energy is constrained (for
p
s  172 GeV) by the
kinematics to be above 18 GeV and the eciency loss due to the E
2
cut is negligible
(a fraction of a percent is lost due to energy mismeasurement).
The eciency was estimated using the SUSYGEN Monte Carlo program and
setting the parameters so that the 
0
1
is pure B-ino and then adding a new decay








G LSP selection criteria no events are found where 0.92 events are
expected from background sources. Figure 4.4 shows the upper limit on the cross
section compared to two theoretical predictions. The neutralino is taken to be pure
B-ino and the right-selectron mass is set to 1.5 times the neutralino mass. The
integrated luminosity taken at
p
s = 161 GeV is scaled by the ratio of cross sections
to those at 172 GeV. The upper limit on the cross section is not strongly dependent
on the above choice. Scaling the luminosity at 161 GeV by the threshold dependence
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has a lifetime less than 3 ns. The limit is valid
for
p
s = 172 GeV. The data from 161 GeV are included by scaling the luminosity
by the ratio of the cross section at that energy to the cross section at 172 GeV. Two
dierent theories are compared to the experimental limit. The right selectron mass
















(applicable to Gauge-Mediated Super-









(for the LNZ No-Scale Super Gravity model).
The systematic error for this analysis is less than 6%, dominated by photon re-
construction. The eect of this uncertainty on the cross section upper limits is less
than 1% following the method of Ref. [55]. The eect on the mass limit is completely
negligible.
As discussed in Chapter 1, the neutralino in GMSB models can have a non-
negligible lifetime. The neutralino lifetime is given in equation 1.15. The eciency
for a neutralino with lifetime was estimated by taking 100% reconstruction eciency
within a distance l from the IP and 0% reconstruction eciency outside l. The
average reconstruction distance l was found empirically by generating several Monte
Carlo samples with various neutralino lifetimes and performing a 
2
t to the formula
below, leaving the distance to reconstruct as a free parameter (as shown in Figure 4.5).




There is almost no eciency loss for lifetimes below 3 ns. For longer lifetimes the eciency is
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with lifetime. The tted











where M and P are the mass and momentum of the neutralino. The average re-
construction distance was found to be 2.5 m. This value for l agrees with what one
might expect because in order to reconstruct the photon there must be energy in
the second stack of the ECAL, which is on average about 2.5 m from the IP. The
eciency was checked at other mass values and found to be in good agreement with

































Excluded at 95% C.L.
ALEPH
Figure 4.6: The excluded region in the neutralino mass,
p
F plane, where the selectron




TeV from nuclear synthesis [57].
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depends strongly on the right-
selectron mass and weakly on the left-selectron mass (as shown in equation 1.10). In
order to obtain the dependence of the neutralino mass limit on the selectron mass,
right-selectron masses are scanned from 1 GeV to 250 GeV (in steps of 100 MeV)
and neutralino masses from 1 GeV to 86 GeV ( in steps of 100 MeV). The number















mass point to obtain the neutralino mass limit as a function of right-selectron mass.
The neutralino mass limits were also checked for various left-selectron masses.














The experimentally excluded region in the neutralino, selectron mass plane is
shown in Figure 4.7. Overlayed is the `CDF region', the area in the neutralino, selec-














G. Half of the CDF region is excluded
at 95% C.L. by this analysis.




For the neutralino LSP scenario, a straight energy cut is not optimal since the 
0
1






 decay can have low energy. Here
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Excluded at 95% C.L.
ALEPH
Figure 4.7: The excluded region in the neutralino, selectron mass plane at 95%
C.L. for a pure B-ino neutralino (shaded area). Overlayed is the CDF re-











G; the region has been cuto (vertical line) where the
prediction rate becomes uninterestingly small.
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and the energy of the second most energetic photon less than 10 GeV are cut, as
shown in Figure 4.8. The cos  cut is optimized using the N
95
procedure as described













. The cos  cut is
























mass dierence is suggested by the kinematics of the CDF
event given the neutralino LSP interpretation). The predicted cos  distribution for
the signal and the Monte Carlo cos  distribution for the () background are used
for the optimization. The N
95
optimization for 11.1 pb
?1
at 161 GeV and 10.6 pb
?1
at 172 GeV is jcos j < 0:8 (as shown in Figure 4.9). The nal selection criteria and
cross sections for the remaining background are given in Table 4.1.
The eciency is estimated using a large sample of the SUSYGEN Monte Carlo
at both 161 and 172 GeV. In total, 42 les were generated (ve of which were fully
reconstructed) at
p






mass plane. The eciency is
obtained from the generation level les (corrected for reconstruction and conversions







points were generated at
p
s = 172 GeV. The eciencies matched (within error) those














LSP analysis one event is found in the data where 1.3 events are expected
























Figure 4.8: a) The scatter plot of the energy of the second most energetic photon




! () events. The events

















Monte Carlo events. c) The inclusive jcos j plot after the missing mass and
E
2





















 events. In all plots the histograms are nor-

















 events are for a 
0
2


























Figure 4.9: The average expectation for the upper limit on the number of events
excluded at 95% condence level (N
95
) vs. the cut on the cosine of the polar angle.
energies of 28 and 15 GeV; the event is shown in Figure 4.10. The upper limits on






mass plane are shown
in Figure 4.11. The systematic uncertainties for this analysis are the same as for the




LSP interpretation of the CDF event (along with the non-observation of











composition must be dominantly photino and the 
0
1
must be dominantly higgsino,
or vice versa. In the scenario that 
0
2
is pure photino and 
0
1
is pure higgsino, the
113
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Figure 4.10: The candidate event, x-y view, for the neutralino LSP analysis. Both
photons are contained in the barrel of the ECAL as shown in the r-z view (upper























































) squared. The limit is valid
for
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161GeV . The eciencies at 172 GeV are equal (within errors) to those at 161
GeV.












as a function of the selectron mass is calculated and compared to the












are shown. These results exclude a signicant portion of the region
compatible with the kinematics of the CDF event
3
given by the neutralino LSP
interpretation.
2




are set as follows






This is obviously an optimistic scenario, since the cross section limit goes up proportional to
one over the square of the Branching Ratio.
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. The hatched area is the experimental exclusion re-
gion at 95% C.L. for a pure photino 
0
2














and j  j< 0). The lower






. The excluded region is based on


























Electron-positron annihilation into two photons is the only pure Quantum Elec-
trodynamics (QED) process at LEP2. That is, the electroweak corrections to this




! () cross section can be calculated solely
from the QED diagrams. The signal topology is dramatic, generally consisting of two
photons in the nal state, each with the beam energy. The only known physics back-









events are separated from the signal events by requiring no charged tracks in the
tracking chamber and allowing at most one converted photon per event. Cosmic ray
events which can sometimes fake the nal state topology are reduced to a negligible
level by imposing the cosmic ray and detector noise cuts developed in Chapter 3.
The QED chapter proceeds as follows. In Section 1 the analysis to isolate the QED
118




! () cross section
is detailed. Finally, in Section 3, using the QED event sample, the total number of
events and polar angle distribution are studied and compositeness limits are derived.
5.1 QED Event Selection
The signal topology of two back-to-back photons with the beam energy is very
easy to isolate from other processes. An event display of such an event is shown in
Figure 5.1. Events with no charged tracks and at least two reconstructed photons
(as dened in Section 2.12) are selected. The cosmic ray and detector noise cuts are
applied. The only events to survive this initial selection are assumed to be EW events
with two or more radiated photons and the QED events
1
. The QED events are sep-
arated from the EW events by considering the properties of the two processes. The
energy distribution of EW events has the property that the second most energetic
photon peaks at low values (as shown in Figure 4.2) whereas in QED events both
photons are very energetic (as shown in Figure 5.2). Two photons are, therefore,




s. In the EW events there is always
missing energy carried o by the neutrinos and normally missing transverse momen-
tum as well. Events with exactly two photons in the acceptance are required to have
acoplanarity > 170

. The cut is made on acoplanarity as opposed to acolinearity
in order to accept events where a third photon escapes undetected down the beam
1
The background from Bhabha events is measured to be less than 1%
119
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Figure 5.1: A typical QED two-photon event in the x-y view (left). The photons are
back-to-back and each one has energy equal to the beam energy. On the right are the
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! () events. Some events
have energy greater than the beam energy due to detector resolution. The cuts on
the energy are indicated by an arrow for both 161 GeV (upper plot) and 172 GeV
(lower plot).
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axis (the preferred direction for bremsstrahlung photons). Events with three or more
photons are required to have less than 0:4
p
s of missing energy. After this selection
criteria the total contamination from the EW process is negligible, as veried by
studying the KORALZ Monte Carlo. The selection criteria can be summarized as
follows:
Acceptance:
 All photons are required to have j cos  j< 0:95 and E > 1 GeV
Selection cuts:
 There must be no charged tracks in the event that do not come from a conversion
 At least two photons, each with energy greater than 0:2
p
s, are required
 For two photon events the acoplanarity is required to be greater than 170





 The event must pass the cosmic ray selection criteria




! () cross section
The eciency inside the acceptance is 82.3% at 161 GeV and 83.0% at 172 GeV,
estimated using the QED Monte Carlo. After all cuts, 117 two-photon events, 7 three-
photon events and no events with four or more photons were found at
p
s = 161 GeV
122
while 127 two-photon events and 7 three-photon events are expected from the Monte
Carlo. At
p
s = 172 GeV, 104 two-photon events , no three-photon events and one
four-photon event were found, while 108 two-photon events and 6 three-photon events













in the nal state is reconstructed as a photon
conversion. The background estimation from this process is about one event for each





! ()) = 13:5 1:2 0:6 pb at
p





! ()) = 11:8 1:2 0:5 pb at
p
s = 172 GeV
These results are consistent with the Standard Model predictions from the Monte
Carlo, of 14.7  0.1 pb at 161 GeV and 13.1  0.2 pb at 172 GeV.
The sources of systematic uncertainty, shown in Table 5.1, are the same as for
the EW process except for the background from radiating events down the beam axis
which is negligible. Background from Bhabha events is estimated from the Monte
Carlo and found to contribute less than 1% to the event sample. The total systematic




Due to initial state radiation the polar angle as seen in the detector is often
quite dierent from the angle in the center-of-mass frame of the observed photons.
123
Photon Selection 4%
Converted photon selection 0.6%
Background <1%
Integrated Luminosity 0.7%
Monte Carlo theoretical < 1%
Monte Carlo statistical 0.6%
Total (in quadrature) 4%
Table 5.1: Systematic errors on the cross-section for the QED process.
Figure 5.3 shows a QED event with an unobserved third photon down the beam axis.
In order to extract compositeness limits and compare data to Monte Carlo it is useful
to plot the variation of observed and predicted number of events as a function of the
polar angle in the center-of-mass system cos 




























are the polar angles of the two photons. The missing energy is
obtained from the angular information where the assumption has been made that all
the missing momentum points along the beam axis. The polar angles of the photons
are then boosted in the beam axis direction to obtain cos 

, the polar angle in the
center-of-mass frame. For two-photon events where the third photon is emitted along
the beam axis (most of them) this denition is exact. This denition is not used
for events with three or more photons in the acceptance. The use of cos 

reduces
the dierence in the cos  distribution between the Born level calculation and the full
calculation including radiative corrections. As we will see in a following section this
is especially desirable for compositeness models.
124
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Figure 5.3: A QED event in the r-z view where an unobserved third photon goes
down the beam axis. The photons are back-to-back in acoplanarity because all the
missing energy is in the z direction (i.e. no missing transverse energy), as shown in
the x-y view (upper right). The r-z view clearly shows the missing energy and the














Figure 5.4: Cosine theta distribution in the center-of-mass reference frame for the




distribution is in good agreement between the data and QED expec-
tations (
2
=NDF = 15:3=19) as shown in Figure 5.4. There is no evidence for new
physics, thus we are left with the task of setting limits. In this case, a lower limit on
a compositeness energy scale and a lower limit on the mass of an excited electron will
be found.
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5.4 Limits on the Composite Structure of the
Electron
Two additional requirements are imposed designed to simplify the procedure of
setting limits and raise the average eective center-of-mass energy. Only two-photon











is calculated relying solely on the measured
angles of the two photons. The assumption is made that any missing energy points































of the data and QED Monte Carlo is shown in Figure 5.5.











is 157.8 GeV for the
p
s = 161 GeV data and
166.3 GeV for the 172 GeV data. The eciency for all cuts vs. cos 

is plotted in
Figure 5.6. The eciency drops slightly at high cos 

because there are slightly larger
cracks in the ECAL endcap modules and more matter in the detector at low angles
causing more conversions. Eciency for conversion reconstruction is only about 60%,
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as calculated from the angles of the


























Figure 5.6: The eciency as a function of cos 

after all cuts have been applied. The
upper plot is for
p
s = 161 GeV and the lower plot is for
p
s = 172 GeV.
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5.4.1 Radiative corrections
Compositeness theories are non-renormalizable theories. The cross sections for
these theories can only be calculated at the Born level. The dierential composite
cross section at the Born level can be decomposed into the sum of the QED cross
section and a QED-breakdown part. The QED-breakdown part is a function of the
compositeness energy scale , the polar angle  and the center-of-mass energy
p
s.








































A perfect description of the data would include radiative corrections out to all orders
in . The QED Monte Carlo is calculated out to order 
3
which is found to be
sucient to describe the data given our statistics. The question arises how should
one account for radiative corrections in the compositeness cross-section calculation.
Traditionally, experiments have used the ratio of the order 
3
Monte Carlo QED cross
section to the order 
2
Monte Carlo QED cross section to correct the compositeness






















; s; )) : (5.4)
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is shown in Figure 5.7.
However, this assumes that the order 
3
radiative corrections to the compositeness
contribution are exactly the same as for normal QED. It is not obvious that this
assumption will give the correct answer. Another method (and more conservative
in terms of setting limits) is to compare the data to compositeness theory including






























; s; )) : (5.6)
In this paper the limits are derived for both scenarios: adjusting the compositeness
contribution by the QED radiative corrections and not including radiative corrections
in the compositeness contribution.
5.4.2 Setting Limits on Compositeness
The search for compositeness is not a search for new particles but rather a search




! () would be modied
due to the particles (called preons) that make up the electron. If these particles
exist, the manner in which the electron interacts would be modied. There would
be additional Feynman diagram(s) that contribute to the process and the predicted


































Figure 5.7: The QED radiative correction factor as a function of cos 

for both 161
GeV (upper plot) and 172 GeV (lower plot).
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change. Normally the interference term between the compositeness diagram and the
QED diagrams dominates. The search for compositeness consists of searching for an
excess (or decit) of events as well as a dierent cos 

distribution from the pure QED
reaction. Similar to the procedure described in Section 3.3 the likelihood method is
used on the cos 

distribution to set limits on compositeness for two scenarios. In
one the interference term is positive (which gives rise to an excess of events) and in
the other the interference term is negative (decit of events).


















is the number of data events in the i
th





the number predicted in the i
th
bin. The predicted number of events is the QEDMonte
Carlo prediction plus (minus) the number of events expected from compositeness for




). For convenience the cut-o energy is varied in steps
of (200GeV=)
4
and the likelihood function of the data cos 

distribution and the
predicted distribution for the given  is calculated at each step. Figure 5.8 shows the
likelihood vs. (200GeV=)
4




) is obtained by
integrating the likelihood curve over the physically allowed region.




, including and not including
QED radiative corrections in the calculation of the compositeness contribution to the
predicted number of events. The results are reported in Table 5.2.






















where the 95% C.L. point for 
+
is indicated by the arrow. The likelihood curve for 
?
is almost exactly the mirror
image.
in the past are included in the derivation of the limits. The rst one is the inclusion
of the order 1=
8
term in the compositeness calculation. This term contributes at
the 2% level and is always positive irrespective of whether the interference term is
positive (
+
) or negative (
?
). Thus, slightly asymmetric limits are expected.
The second eect concerns the true sensitivity of the experiment. The beam









Limit with radiative corrections 217.5 182.9 208.4
Limit without radiative corrections 210.3 175.0 200.6
Table 5.2: Compositeness limits are given with radiative corrections (equation 5.4)
and without radiative corrections (equation 5.6).
GeV. Due to ISR the energy is always less than 161 GeV and sometimes signicantly
less (as shown in Figure 5.5). Using the beam energy to calculate the compositeness
contribution (as has been traditionally done) overestimates the predicted change in
the number of events and the derived limits come out higher than they really are by










s) is 157.8 for the 161 GeV data and 166.3 for the 172 GeV data. The nal
cut-o energy limits are 
+
> 217:5 GeV and 
?
> 182:9 GeV at 95% C.L.
The cos 

distribution compared to the QED prediction is shown in Figure 5.9.





asymmetric limits are explained by the one sigma decit of events in the data. The
decit is even more apparent at large angles accentuating the eect.
5.4.3 Excited Electron Exchange
In the previous section, the search for electron compositeness was based on search-
ing indirectly for the constituent particles of the electron. If the electron is a com-
posite object it is expected to have excited states in the same manner as mesons and
baryons. Electron compositeness may be discovered through the existence of excited
135
electron states that couple to the electron and photon.
In a separate analysis [58] ALEPH has searched for the direct production of elec-
tron excited states. However these searches can never nd (and therefore never ex-
clude) an e

with a mass greater than the available center-of-mass energy of the




! () process, the e

mass reach can be ex-
tended well beyond the center-of-mass energy threshold available to the experiment.
The existence of an electron excited state would modify the cos 

distribution and the




! () reaction. The additional contribution
to the photon pair production due to e






 coupling. The lower limit on the e

mass and upper limit on the ee

 coupling
are derived using the same procedure as for the cut-o energy limits. The 
i
in the
likelihood function is now equal to the QED prediction plus the additional contri-
bution from the existence of an e





















+ h:c:. Calculating the e

exchange contribution at each M
e





and for a  ranging from 0 to 1.4, the
95% C.L. limits are found in the M
e

,  plane by integrating the likelihood functions.



















 QED Monte Carlo
Λ+ = 217.5 GeV
Λ
-
 = 182.9 GeV
Figure 5.9: The cos 






! () process. The QED Monte Carlo is absolutely normalized to the




























Excluded at 95% C.L.
Figure 5.10: The exclusion line in the e

mass,  plane where everything above the




Data recorded with the ALEPH detector at LEP center-of-mass energies of 161
GeV and 172 GeV show no signs of new physics in the single and multi-photon events.














! ()) = 5:2  0:8  0:2 pb at
p





! ()) = 4:6  0:8  0:2 pb at
p





! ()) = 13:5 1:2 0:6 pb at
p





! ()) = 11:8 1:2 0:5 pb at
p
s = 172 GeV:
These values are in agreement with Standard Model expectations. The respective
polar angle distributions are also compared to Standard Model expectations and
139
found to be in good agreement.
The experimental 95% C.L. upper limits on the cross sections are derived for the



























































G. These cross section limits are ac-









! XY! YY where Y is massless or has mass. The 95% C.L. limit on the 
0
1














. The excluded region of the Supersymmetry Breaking Scale as






) mass as a
function of selectron mass is determined and compared to the region compatible with
the CDF event for the gravitino (neutralino) LSP scenario.
Possible deviations from QED have been parameterized in the context of compos-
iteness models. A fundamental parameter in these models is the cut-o energy scale
, which gives the minimum energy `to see' a preon (the supposed sub-component
of the `fundamental particles'). The lower limits on this energy scale for electron
compositeness are derived and found to be 217.5 GeV for 
+
and 182.9 GeV for 
?
at 95% C.L. Using the de Broglie relation these correspond to the 95% C.L. upper
limit on the radius of the `preons' of r
+




< 6:8  10
?18
m.
Another possible consequence of compositeness is the existence of electron excited
states. The eect of excited electron exchange depends on both the mass and the





), the mass of the e

















ALEPH 71 218 183 208
OPAL 61 195 210 194
L3 65 207 205 210
Previous ALEPH - 173 150 162
Table 6.1: A comparison of upper limits at 95% C.L. is given for the LEP experiments
(DELPHI has not published limits). The data sample is that taken in the summer of
1996. The luminosity for the other two experiments is about equal to that taken by
ALEPH. The mass limit on 
0
1












Many of the searches described in this document were also performed by the other
experiments at LEP [34, 59]. Table 6.1 shows a comparison of the limits obtained by
the other experiments, as well as the ALEPH results from the LEP data taken at the
Z peak. A condensed version of Chapters 3 and 4 is published in Physics Letters [60].
141
Appendix A
The LEP Supersymmetry Working
Group
Each LEP experiment has studied the production of acoplanar-photon events at
LEP2 energies. No anomaly with respect to Standard Model predictions has been
observed. In this section the data from the four experiments is combined and the














G process is derived. The constraint that
the combined results place on the CDF Region is a signicant improvement over the
ALEPH results alone.














G is found by com-
bining the four experiments and the dierent centre-of-mass energies using the multi-
channel Bayesian method [61]. The multi-channel method is used for the combi-
nation because the four LEP experiments have varying degrees of sensitivity (i.e.




s = 172GeV. The eective luminosities at center-of-mass energies below 172










, where the neutralino




collisions the production of neutralinos would
proceed via t-channel selectron exchange. Right-selectron exchange dominates over















. The upper limit on the cross section is not
strongly dependent on the above choices. Scaling the luminosity by the threshold
dependence 
3
=s changes the cross section limit by less than 5%.
In Figure A.1 the combined LEP limit is compared to two gravitino LSP models,
Gauge-Mediated SUSY Breaking (GMSB) and the so-called ` No-Scale Super Gravity'















, are plotted. In the LNZ model the right-selectron mass is tied to the

































mass point for right-selectron









and compared to the combined LEP limit to obtain the
excluded region.
The neutralino mass limits were also checked for various left-selectron masses.
The result is found to be robust at the 1 GeV/c
2








































































from the combined LEP data. The limits are valid for
p
s = 172GeV, pure B-
ino neutralino composition and negligible neutralino lifetime. The data has been
combined using the Bayesian multi-channel method. The one-channel combination is
also shown (dotted histogram) and labeled PDG for comparison.
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Figure A.2. Overlayed is the 'CDF region', corresponding to the region in which
the properties of the CDF ee + E
T
MISS











G. Three quarters of the CDF region is already excluded
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Figure A.2: The indicated CDF region determined from the properties of the CDF










G; the region has been cuto
(vertical line) where the prediction rate becomes uninterestingly small. Overlayed is
the excluded mass region at 95% C.L. for a pure bino neutralino (hatched area).
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